The intracellular pH plays an important role in various cellular processes. In this work, we describe a method for monitoring of the intracellular pH in endothelial cells by using surface enhanced Raman spectroscopy (SERS) and 4-mercaptobenzoic acid (MBA) anchored to gold nanoparticles as pH-sensitive probes. Using the Raman microimaging technique, we analysed changes in intracellular pH induced by buffers with acid or alkaline pH, as well as in endothelial inflammation induced by tumour necrosis factor-α (TNFα). The targeted nanosensor enabled spatial pH measurements revealing distinct changes of the intracellular pH in endosomal compartments of the endothelium. Altogether, SERS-based analysis of intracellular pH proves to be a promising technique for a better understanding of intracellular pH regulation in various subcellular compartments.
Introduction
Intracellular pH ( pH i ) regulation is critical for most cellular processes including cell volume regulation, vesicle trafficking, cellular metabolism, cell membrane polarity, muscular contraction, and cytoskeletal interactions. 1 In addition, some growth-stimulating signals including epidermal growth factor, platelet-derived growth factor, insulin, vasopressin, and serum activate the sodium-proton exchange activity to induce cellular alkalinisation and are thus important in cell activation, growth, and proliferation. 1 The endothelium, lining the interior of the whole circulation, which may be regarded as the largest functional organ in the human body, plays an active role in vasoregulation, coagulation, inflammation, and microvascular permeability. 2 In most if not all of these processes changes in the intracellular pH may be of importance. Indeed, it was demonstrated that endothelial alkalinisation inhibits gap junction communication and endothelium-derived hyperpolarisation. 3 In turn, a decrease in pH i may result in the diminished production of nitric oxide. 4 Tumour necrosis factor-α (TNFα) induces endothelial inflammation. 5 It inhibits the anticoagulatory mechanism and promotes thrombotic processes, which are responsible for venous thrombosis, arteriosclerosis, vasculitis, and disseminated intravasal coagulation. 5 Moreover, several chronic and acute human pathologies are associated with various degrees of endoplasmatic acidosis. 6 Failure of intracellular pH regulation may result in malfunction of various other enzymes and transduction pathways and may well contribute to various facets of the phenotype of endothelial dysfunction. 6 There are only a few techniques that can be employed for the determination of pH i such as pH-sensitive microelectrodes, nuclear magnetic resonance and fluorescence. 1 Until now, fluorescence spectroscopy has been shown to be the most sensitive and commonly used technique to measure pH i . 1, [7] [8] [9] In addition, pH-sensitive organic probes or fluorescent proteins can be functionalized to target specific cellular compartments, detecting pH from 4.7 (in lysosomes) to 8 in mitochondria.
7-10 and therein
However, low sensitivity, signal from background and photobleaching of fluorophores limit the application of fluorescence microscopy. An alternative technique is surface enhanced Raman spectroscopy. Briefly, nanoparticles (gold, silver, and carbon nanotubes etc.) are conjugated to pH-sensitive Raman reporters. The most commonly used compounds in the current approaches are 4-mercaptobenzoic acid, 11-17 2-aminothiophenol 18 or 4-mercaptopyridine. 19 In an early application of SERS 20 where the intracellular pH was measured using MBAcoated AuNPs embedded into silica nanopeapods in vitro and in vivo.
In our work, we evaluate the usefulness of SERS imaging with MBA-AuNP probes for monitoring pH i dysregulation due to pH stress from the extracellular environment. In addition, we investigate the in vitro pH response in human umbilical vein endothelial cells (EA.hy926) upon their stimulation with tumour necrosis factor (TNFα).
Experimental

Materials
All compounds used in the fabrication of Au nanoparticles and preparation of buffers and 4-mercaptobenzoic acid (MBA) were purchased from Sigma-Aldrich and were of analytical grade. Deionized water (Millipore Milli-Q grade) with a resistivity of 18.2 MΩ was used in all the experiments. A solution of 4-mercaptobenzoic acid at a concentration of 1 × 10 −3 M was prepared by diluting an appropriate mass of the solid in ethanol. Gold nanoparticles (AuNPs) with an average diameter of 40 nm were prepared according to the Frens procedure.
21
UV-Vis spectra, DLS (Dynamic Light Scattering) and AFM measurements confirmed the size of nanoparticles and excluded their aggregation due to interactions with MBA, similar to our previous work. 22 We applied 40 nm gold nanoparticles to EA.hy926 endothelial cells for which the uptake mechanism has been well-established in our previous studies. 22, 23 For the collection of SERS spectra, 100 µL of 1 × 10 −3 M solution of MBA was mixed with 1 mL of gold colloid.
After 5 min vortexing, the mixture was centrifuged for 10 min at 3000 rpm and the supernatant was re-dissolved in DPBS (Dulbecco's phosphate-buffered saline). 0.1 M aqueous solutions of sodium hydroxide, sodium phosphate, disodium hydrogen phosphate, sodium dihydrogen phosphate and phosphate acid were used for preparing buffers in the pH range of 1-12.
To determine pH calibration curves, MBA-AuNP solution was mixed with a phosphate buffer of a given pH (5 : 1 v/v), then placed in a 96-well plate and SERS spectra were collected. The relative intensity of SERS bands assigned to the stretching modes of the carboxylate group and aromatic ring was calculated using OPUS 7.2 software by using unprocessed SERS spectra and plotted against pH. Finally, an equation was fitted to a calibration curve using Gnuplot software.
Cell culture
Experiments were conducted for EA.hy926 cells, a line derived from human umbilical vein endothelial cells fused with the A549 line. Cells were grown in plastic wells in DMEM supplemented with 10% fetal bovine serum, 2 mM L-glutamine, penicillin, streptomycin, and 2% HAT. Where cells were treated with TNFα, the medium was replaced with a medium containing 10 ng mL was 0-2400 cm −1 . SERS spectra of MBA-AuNPs were recorded by placing a sample in a plastic 96-well plate and using an air objective (20×). Three SERS spectra were acquired, each for freshly prepared samples. For Raman mapping, raster scans over single living cells were carried out with a computer-controlled x,y-stage under an immersion objective with a magnification of 60×. The mapping step was 1 µm.
Analysis of SERS maps
Hierarchical K-means cluster analysis of SERS maps was performed using WITec Project 2.06 software. The spectra were analysed in the region of 200-1800 cm −1 after a routine procedure for cosmic ray removal and smoothing (13 points) using a Savitzky-Golay algorithm which improves the signal to noise ratio. A number of classes were chosen by the comparison of spectral profiles of their mean spectra. We started our analysis from 10-12 classes and then, if mean spectra were identical in the region of the marker bands, classes were merged. Cluster analysis was performed for each cell separately. pH i values presented in the work were calculated from mean SERS spectra. , cf. the inset in Fig. 1A . The strongest SERS bands at 1070 and 1580 cm −1 , attributed to the ν 12 and ν 8a aromatic ring vibrations, respectively, are not sensitive to pH changes and were used for calculation of the relative intensities. We determined calibration curves representing the spectral changes as a function of pH by calculating heights as well as integral intensities of SERS bands at 1070, 1400-1420, 1580 and 1720 cm They represent typical Henderson-Hasselbalch plots. 25 Several reports have shown similar calibration curves for the pH dependence of SERS signals of MBA but they usually estimate pH i values by comparing calibration spectra with SERS spectra from cells. 11, 13, 15, 17 Therefore, we additionally fitted an equation to the curves to give a simple mathematical formulation for the determination of pH based on spectral changes of 4-mercaptobenzoic acid, see Table 1 . Slopes of both the plots in Fig. 1B show noticeable spectral changes in the pH range of 5-9 that corresponds to the natural pH range determined in the cellular compartments, i.e. from 4.7 in lysosomes to 8 in mitochondria. 26 The error calculated for eqn (1) was ±0.15 of pH value.
For comparison, the error of pH measurements by using fluorescence labels is ca. ±0.3 according to Wu and co-workers. 27 In vitro SERS-based pH i imaging
In our previous study on the cellular uptake of R6G-AuNPs by EA.hy926 cells (R6G -rhodamine 6G), we observed the SERS signal of the Raman reporter just after 0.5 h of incubation and then saturation of the nanoparticles appeared after 2 h incubation. 23 A longer incubation time of more than 2 hours resulted in a slow process of de-attaching molecules of the dye from the gold surface. Since the MBA molecules interact with the metal surface in a different way than rhodamine 6G, we optimized the incubation time for MBA-AuNPs to examine saturation of cells by nanoprobes and to avoid incubation resulting in their substitution by cellular biomolecules. Fig. 2 This indicates that the optimal incubation time should be determined for each cell type as it may considerably differ.
No SERS bands originating from cellular biocomponents were found in spectra indicating the stability of interactions between MBA and the gold while SERS marker bands for pH were not observed before the 4 h incubation however, they exhibited a low signal to noise ratio. Therefore, the 12 h incubation was applied in the further experiments. Moreover, apart from typical SERS features of 4-mercaptobenzoic acid observed in spectra displayed in Fig. 1A , we found the presence of anomalous bands in SERS spectra at ∼1000 and ∼1025 cm −1 , cf. Fig. 2 . The other reports regarding the application of MBA for determination of pH i have also shown the presence of these bands when the sensor molecules were anchored to AgIF fiberoptic nanoprobes, 13 hollow gold nanospheres, 12 silver nanoparticles 11 whereas they were absent when MBA-AgNPs were encapsulated in silica 15 and when MBA-AgNPs in cells were probed using surface enhanced hyper-Raman scattering (SEHRS). 28 This indicates that the appearance of these bands does not depend on the properties of the metal surface. Michota and Bukowska have shown in their studies on the adsorption process of MBA on silver and gold roughened electrodes that the 1000 and ∼1025 cm −1 bands are typical for monosubstituted benzene derivatives and their presence in SERS spectra of MBA may result from the decarboxylation process of these molecules. 24 This process can be additionally accelerated in an alkaline environment and appears even after 20 minutes after adsorption. Since our calibration spectra do not show the presence of these bands while some SERS spectra of cells do, we speculate that decarboxylation of MBA molecules anchored to AuNPs can result from the microenvironment process, e.g. interactions of nanosensors with other molecules through the MBA carboxylate group. Next, we investigated the effects of extracellular pH changes on SERS nanosensors and consequently on the intracellular pH in endothelial cells. The incorporation of MBA-AuNPs did not bring a significant change to the cell morphology and no obvious cell death was found. This is not surprising since similar nanosensors have been shown to be non-toxic using biochemical assays. 22, [29] [30] [31] Fig. 3 shows the presence of the targeted nanosensors in EA.hy926 cells incubated in the buffers with pH 3.9, 6.2, 8.6 and 11.3. The control cells were incubated only in DPBS (pH: 7.2), see Fig. 3C . To simplify our analysis, we performed K-means cluster analysis and a number of classes were chosen based on spectral differences in the pH-sensitive spectral region. Then pH values were calculated for the mean spectra from cluster analysis according to eqn (1) in Table 1 .
For control cells, we observed changes in pH i from 6.5 to 9.8. Pixels decoding pH values are unevenly distributed within the intercellular space of the endothelial cells, cf. Fig. 3C . The observed range of pH indicates that the 12 h uptake of the nanosensors results in a marked lack of delivery to low pH (4.7-6.3) compartments like early stage endosomes and lysosomes. The red and blue classes, pH values of 6.5 and 6.8, respectively, can correspond to recycling of endosomes. 26, 32 In turn, the green and grey classes for which pH values vary from 7.2 to 7.6 exhibit the environment of cytosol. Although the current studies on the internalisation of particles through formation and maturation of the endocytic system do not predict a direct release of nanoparticles from vesicles to the cytosol, except a specific process of backfusion, in which lysosomal degradation can appear, 33 TEM and fluorescence studies on intracellular trafficking of various nanoparticles have implicated their presence in the cytosol, mitochondria and Golgi apparatus. [34] [35] [36] This may be associated with saturation of the endosomal-lysosomal compartments by nanoparticles and their leakage to the cytosol. The cluster analysis also differentiated a cellular area with pH in the range of 8.8-9.8, the black and purple classes. This unusual H + /OH − balance for the healthy cells can result from variation in the adsorption process and/or decomposition of 4-mercaptobenzoic acid on the gold surface hence we observed intensification of the anomalous bands in mean SERS spectra corresponding to these pH values, cf. Fig. S2C (in the ESI †). Stimulating extreme stress conditions for cells by keeping them in a relatively acidic (pH: ca. 4) or alkaline environment (pH: ca. 11) resulted in inducing appropriate changes in pH i in a very narrow range of values in comparison to other experimental conditions applied in our work, cf. Fig. 3A and E. Reducing the extracellular pH from 7.2 typical for the medium solution to 3.9 led to a high uptake of the pH sensors and decreasing the pH i of cytoplasm to 5.4 (pink class in Fig. 3A) . This remarkable accumulation of nanosensors can be associated with increased acidification of early and recycling endosomes that shifts the balance from recycling endosomes to the lysosome formation as shown previously by the effects of inhibition of the Na + /H + exchanger by amiloride in the RBL-2H3 mast cell line. 32 The blue class surrounding the pink area and located close to the cellular membrane indicates an increase of pH to 6.3. It is well-known that nanoparticles enter the intercellular space through the process of endocytosis and that accumulated endosomes are converted into lysosomes. Thus, the observed pH of 6.3 likely corresponds to early sorting of endosomes which then accumulate in the cytosol of the cell in the form of late endosomes that in turn exhibit an average pH of 5.4. 26, 37, 38 Interestingly, a range of pH typical for the endosomes-lysosome conversion (4.7-6.5) was not found when the endothelial cells were exposed to the highly alkaline environment (Fig. 3E) . The concentration of the nanoparticles functionalised with MBA is much lower in this case than for the acidic conditions of cell culture. The MBA-AuNPs are distributed along the cellular membranes of the three endothelial cells in cellular compartments with pH 8.4 with a small contribution of pH 8.5. The cluster analysis discriminated also the blue class for a SERS spectrum exhibiting the spectral profile of the decarboxylated MBA molecules. 24 According to the literature, 26 pH of ca. 8 is likely to be found in mitochondria however, we do not expect that the SERS imaging reports directly on these cellular compartments. It seems more likely that the endosomal-lysosomal system responds to increasing pH through inhibition of the H + ATPase pump as shown in numerous reports. 26, 32, 39, 40 The other reason could be an increase in cytosolic pH due to the alkaline buffer, affecting the overall H + /OH − equilibrium in all cellular compartments. We also investigated a mild effect of the extracellular environment on the regulation of pH i . For this purpose, the endothelial cells were exposed to buffer solutions with pH different from the typical culture conditions by 1 unit, see Fig. 3B and D. The range of pH for the cells incubated in the buffer with pH 6.2 is 6.9-8.1 and the concentration of the nanoprobes in a cell is relatively low in comparison to strongly acidic and physiological conditions, cf. Fig. 3A and C. The qualitative assessment of the distribution of pH i in the cluster map shown in Fig. 3B indicates that the highest pH, 7.6 and 8.1, is spatially localised within a few pixels of the SERS image of the cells. This observation suggests that exposing endothelial cells to a mildly acidic environment does not strongly affect the cellular processes of endocytosis or the SERS technique is not sensitive enough to determine such a cellular response. The latter is more possible, as pH 7.0 inhibits chemically induced apoptosis in a specific endothelial cell line, suggesting that the effects of altered extracellular pH may be cell type dependent. 41 On the other hand, our results agree well with fluorescence spectroscopy studies on endothelial cells from rat aorta. 7 In contrast, increasing the extracellular pH to 8.6 discriminates pH i from 5.8 to 9.1 related mainly to early and late endosomes (pH: 5. 8-6.8 ). An increase of pH i to 7.5 and 9.1 correlates well with a high intensity of a SNARF-1 fluorophore used in confocal fluorescence measurements of the endothelial layer in the animal aorta cross-sections. 7 In this report, extracellular alkalinisation to pH 8.6 was also associated with an increase of the NO concentration which serves as a specific biochemical marker for the endothelial dysfunction. 42 Endothelial inflammation may be induced by tumour necrosis factor-α. 5, 42 Fig. 4 displays the distribution of pH-sensitive nanosensors in TNFα incubated endothelial cells. First of all, the cluster maps show a high accumulation of the functionalised gold nanoparticles in the impaired endothelial cells similar to those found for cells exposed to the highly acidic extracellular environment (see Fig. 3A ) and to cancerous cells. 43 Oku et al. showed that under certain conditions TNFα may increase the membrane permeability, 44 which can explain the relatively pronounced uptake of nanoparticles to the TNFα-treated cells. It was shown that TNFα induced mitochondrial membrane depolarisation, increased intracellular Ca 2+ concentration, released cytochrome c resulting in disruption of cytosolic pH. 45, 46 Fig. 4 shows TNFα treated cells that display the characteristic rounding and blebbing. The cluster analysis shows a more uniform distribution of nanosensors throughout the cytosol -this suggests a disruption of the endocytic pathway leading to nanosensor release into the cytosol or high increase in formation of endosomes in TNFα -activated cells. Cluster maps in Fig. 4 show that the pH i varies from 5.5 to 7.2. This reflects endocytic recycling pathways. 47 In Fig. 4A , we observe a conversion between late endosomes (red class, pH 5.5) and endocytic recycling compartments 47 or early endosomes 19 (blue class, pH 6.4) localized along the cellular membrane. Next, the response for the TNFα-induced intracellular imbalance may also result in lowering of cytosol pH, observed in the beige class (pH 7.1). A slightly different picture is illustrated in Fig. 4B , for which we do not observe pH typical for late endosomes.
Conclusions
These experiments demonstrated that using targeted gold nanoparticles functionalized with 4-mercaptobenzoic acid allowed the detection of changes in pH i induced by short-term alkalization or acidification of the extracellular environment of endothelium. Using SERS-based pH i mapping, we also demonstrated that the TNFα-induced response in the endothelium was associated with intracellular acidosis. In all experiments, we were able to follow the endocytic pathway in cells, as calcu- lated pH values were correlated with the pH of endosomes at different stages of maturation. We summarised our findings in Fig. 5 . Moreover, we observed the differences between MBA-AuNPs' uptake by healthy and inflamed cells, which suggested TNFα-induced activation of uptake. In contrast to the determination of pH by fluorescence spectroscopy, 1 the MBA-AuNPs' uptake appears through endocytosis, which makes SERS a valuable tool to study different stages of this process. Altogether, SERS spectra of MBA exhibit a spectral signature suited for differentiation of pH i values between 5 and 9, enabling probing of a variety of subcellular compartments and their response to environmental and pathological stimuli.
